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This study was organized to investigate the vhysical and theoret- 
ical aspects of pressure wave propagation in high velocity subsonic 
5 

The laboratory phase of the investigation required the design 
of a flow tube to give a constant Mach number and highly responsive 
pressure pickups for use with electronic amplification and record- 
ing. Pressure disturbances of controlled magnitude were introduced 
into the flow tube by rupture of a plastic dis^hragm used to seal 
a compression chamber. 

For various shock pressures released into the tube, accurate 
measurements were made as to the time rejuired for the waves to 
traverse the test length of tube u stréam, and the magnitudes of the 
rressures involved. ‘ithin the wave front there was found to exist 
a pressure peak exceeding in maeznitude the normal pressure P2 follow- 
such a disturbance. 

In theory, starting with the basic equations of continuity, 
momentum, and energy, an equation was developed for the absolute 
velocity of the disturbance front, essentially the normal plane 
stock pressure ratio-velocity equation vas founl to descrite the 
rhenomenon with corrections for tube flow v-locity and the two exist- 
ant energy systems — those of the tube flow and of the compression 
chamber. 

Une method of analyzing the mignitude of the pressure peak 
"within the shock wave was considered. It was seen from tests that 


the vressure peak underwent a form of diffusion in moving upstream 





into a smaller tube area at a supersonic rate relative to the tube 
flow, 

This project was carried out during the year 1950-51 by the 
author at Rensselaer Polytechnic Institute, Troy, New York, The 
laboratory tests were conducted in the high velocity air labor- 


atory of the Mechanical “ngineering Department of the school. 


Upstream 


Downstream 


NOMSNCLATURE 
Flow area of tube. 
Pressure ahead of disturbance, normally tube flow 
static pressure, 
Pressure behind disturbance. 
Explosion chamber pressure. 
Peak pressure occuring within disturbance. 
Velocity in ft/sec, of normal tube flow. 
Velocity in ft/sec. of disturbance front relative to 
normal tube flow, 
Absolute velocity of disturbance front. 
Mach number of normal tube flow. 
Introduced here as w/ (g Y RT 
Total temperature with regard to normal tube flow, M. 
Total pressure with rerard to normal tube flow, 
Total temperature associated with relative flow, N. 
Total pressure associated with relative flow. 
Ratio of spreific heats, ره‎ ۱ 
Time in seconds for disturbance front tn traverse tube. 
Friction factor associated with hydraulic radius. 
Hydraulic radius. Flow area divided by wetted perimeter. 
Wall angle of tube. 
Refers to the measuring station two inches from throat. 


Refers to measuring station 26 inches from throat, 


Nomenclature of Appendix II is defined and used in 


that section only. 





THE PROPAGATION OF MEDIUM PRESSURE 


DISTURBANCES IN HIGH SURSONIC AIR FLOW 


INTRODUCTION 

In the past, considerable experimentation and theorizing has 
been done on the shock tube which sends a compression wave into still 
air and a rarefaction into the compression chamber, Altho this 
problem is still being investigated, its characteristics are fairly 
well established. 

The next logical step, which was undertaken by the work as de- 
scribed in this report, was to introduce medium pressure disturban- 
ces into moving air and to observe their characteristics as the 
waves moved upstream. Practically, such an investigation would serve 
to add to the knowledge of sudden energy changes as are evident in 
shock fronts, and would find related application in situations as 
quicz=closing and opening control valves used on air drive for light 
auxiliary turbine wheels, 

In scope, this investigation was considered to be a primary 
overall physical survey of the problem. Pressure disturbances of 
varying intensity were introduced into air flow in a tube of average 
Mach number 0.8. | 

Desired data included v-locity of the moving wave front, 


pressure ratio across the front, and peak pressure in the front for 








each intensity of applied disturbance, To obtain thi- data, a 
special dynamic pressure piciup was designed as one phase of the lab- 
oratory part of this inv stigation. 

The theory of the observed phenomenon was developed from the 
basic flow equations of continuity, momentum, anl energy relative 
to the shock front. Superposition was employed to account for the 
added effect of tube flow. This ap roach vas indicated as the most 
feasible way to get "engineering" answers since a matheratical treat— 
ment accounting for all variables si-ultaneously "onld be very com 
plex and might well in itself be the scone of a complete investi- 
gation. 

This inv stigation was conducted by th: author turing the course 
of the school year 1950-51 in the high velocity air laboratory of the 
Mechanical ängineering Department at Rensselaer Polytechnic Institute, 
Troy, New York. 

The author is indett-d to many individuals for their contribu- 
tions to the design and use of the laboratory equipment. Specific 
acknowledgement is given with than«s to Prof. Y. P, "ailey for many 
sug estions on the overall laboratory set-up; to Prof, R, H. Trathen 
on the application of strain gages; and to Vr. “aldo Goyer of the 
Mechanical ingineering Department metal vorking shop for his fine 


craftsmanchin. 








2QUIPMINT AND PROC DURE 

Fig, 1 is a schem.tic drawing of the complete laboratory test 
arrangement and Fig. 6 a »hotograph oí the test setup, 

The l:boratory equipment divided itself naturally into four 
basic groups; compressors and other laboratory fixtires, the flow 
tube, shock producing mechanism, and dynamic pressure pickups with 
the required electronic eq:ipment. zach grou» vill be described in 
detail with emphasis on the specially designed items. 

Group A: Compressors and basic laboratory equipment. 

Air was supplied hy two six-cylinder Shram conpressors , model 
210, rated at 206 cubic fe-t of standard air per minute at 1175 RPM, 
A Westinghouse three phase, 60 cycle, 220 volt, 59 horsepower motor 
with rated full load speed of 1175 RPM was connected by direct drive 
to each compressor. Air from the compressors want t!m1 aftercoolers 
into storage tanks with maximum pres:ure preset for 100 psig. 

The combined air from the two storage tanks was pined into a 
plenum chamber thru coarse and fine control valves in parallel. 
Located in the plenum charber was a one inch metering nozzle across 
which a mercury nanometer read pressure drop. In the main compart- 
ment of the plenum chunber was a Weston gas thermümeter, O-220? F,, 
and a total pressure tap with line leading to an Ashcroft 0-100 psi 
pressure gage. 

With the rnown area of the metering nozzle an‘ pressure drop 
across it, plus total temperature and pres-ure, the weight flow of 


air could be determined. “o corrections were made to any of the 





recorded data from the plenum chamber-metering nozzle combination 
instruments due to their permanent mounting hich made calibration 
inadvisable, and ulso due to the f:.ct that all runs were to be made 
under the same flow conditions. 

Grcup 3: Flow tube, 

Fig, 2 shows the mounting end of the flo” tube and Fig, 7 the 
tube in position bolted to tre face plate of the plenum chamber, 

Design considerations are covered in detail in Aprendix I. The 
tube was designed to give an average flow cf Mach number 0,8 with 
weight flow 0.49 lbs/sec. 

The tube was 32 inches long from throat to «+ it, of rectangu- 
lar cross section with inside dimensions unifornly ን from 
.7x,9 inches at the throat to 1.1x.9 inches at the exit. "he tube 
proper was fabricated from 4 inch flit brass with sices held to- 
gether by 3/32 inch metal screws placed 1} inches apart. 4 brass 
flange on the tube at the throat was bolted to the one inch nozzle 
section turned from aluminum stock. Ihe nozzle piece had a five inch 


diameter with eight ት inch bolt holes drilled in a four inch circle 


to pernit securing to the plenum chamber. 

The test section of the tude was that portion between the two 
inch and the 26 inch station. Static pressure taps were located at 
2, 10, 18, and 26 inch stations on one vertical wall to permit tube 
calibration., Leads from the four taps went to a common manifádd to 
which vas attached a mercury manómeter, On the opposite tube wall at 


the two and 26 inch stations vere š inch taps to perrit insertion 


of either the dynamic pressure picknp or the similar pressure sensing 





element. At the 295 inch station on the bottom tapering wall was 
the one inch hole for explosion chamter connection with a 1/8 inch 
tap directly above for the puncture rod guide, 

A detachable exit reteiver chamber in the form of a cylinder 
four inches in diameter and 6; inches long was clamped over the end 
of the tube to control the flow characteristics of the tube. Si ht 
+ inch holes comprised its exit area over which was centered a brass 
plate with eisht similar holes. The outer plate could rotate and thus 
control the amount of onening and back pressure, 

Group €; 5hock-producin; mechanism. 

A considerable problem arose in the qu.stion of how to intro- 
duce a disturbance into steady flow without interrupting the flow by 
gadgetry prior to setting it off, Such schemes as detonation of an 
explosive in sn expanded part of the flow tube, or firing a blank 
cartridge into the end of the tibe were considered and rejected due 
to lack of control or lack of informtion as to what the effective 
intensity of the disturbance might be. 

Since the application of plastic liaphragms had proven so effect- 
ively simple in the case of the straight shock tube, it was decided 
to adapt them to this case, "ig. 3 shows the exit end of the flow 
tube with the shock producing mechanism, 

The shock pressure chamber was a cylindrical tank with inside 
dimensions four inches in diameter and 12 inches long. Filling was 
accrmplishei by an air hose with chuck flowing thru a conventional 
automobile tire valve fitted to the tank. The tank had a $ inch tap 


normally plugged, into «hich tha dynamic pressure pickun was inserted 





for calibration. AU. 5. Gage Co. 0-100 psi gage indicated tank 
pressure. This gage was calibrated by dead weight tester with results 
shown in Fig, 20, 

A flanged one inch pipe vith # inch inside diameter was screwed 
into the tank top. The flanged top had cut in it a 1l inch Ciameter 
recess for holding tk- plastic diaphragm, A mating flanged pipe led 
to the flow tube. Upon insertion of the diaphragm, the flanged nipè 
ends were secured together with six 1/8 inch bolts set ina 2 1/16 
inch circle. This arrangement gave a very tigt fit with apnreciatle 
leakage around the diaphragm only at the higner pressures. 

Set in the ton surface of the tube was a gland guide thru which 
a 1/16 inch purcture rod with sharpened end centered over the 
diaphragm. A sharp rap on the puncture rod very cleanly ruptured the 
diaphragm sending the high pressure disturbance in at rig ^t angles 
to the flow in the tube. 

Clear cėllochane diaphragms of „001, „002, and .C05 inches were 
tried. The „701 inch were effective for tank pressures of 15 to 35 
lbs. gage under non-flc4 conditions but would not stand ur under 
tube flow vibrations long enough for standard test conditions to be 
estatlished and data taken. The .003 inch plastic was used from 35 
to 65 psig tank pressures, and the .005 fron 65 to maximum available, 
about 23 psig. 

The tank was filled usually about 10 psi hig ver than the test 
pressure desired to allow for leakage while tube flow was being 
established. It was necessary to fill the tank prior to starting 


tube flow since only about 50 psig was available for the tank if the 








tube were flowing. 


Groun D: Pressure pickups and electronic recording apbaratus. 





The dynamic preasurs pickip was designed from considerations as 
given in Appendix II to meet size limitations of the tube and elec- 
tronic resvonse characteristics of the Hathaway amplifier and 
oeeillograph comtinatien. The pickup, as shown in Fig. 2, is of the 
flush-mounted type to give the most accurate response with least 
disturbance to the flov. A ,020 irch brass diaphragm was tinned to 
the base plug leaving a 2/15 inch irner diameter on ‘hich tc mount 
the sensitive element. The plug was threaded for 4 inch with a hex- 
agonal top. With the proper washer, the dia:hragr ‘as flush with the 
inner tube wall. 

Calchlated natural frequency of the pickup vas 14,460 cycles per 
second, 

SR-4 Faldrin Soutrvark type A-B strain gages, gage factor 1.76, 
resistance 120 nohns, were selected on the basis of their good temp- 
erature characteristics, frequency response ( known up to 20,000 
cycles), ani rigged relinnce, “he inner diaphrarm surface was roughed 
with very light sandpaper and cleaned with carbon tetrachloride, The 
etrain elements were mounted in the diaphragm center with duco cement 
ana alloweż tn iry under préssure for a period of 72 hours, One lead 
from the strain gage went to an insulated terminil, the other ground- 
ed to the plug, Two such units were made, 

One unit "as desisn,ted the dynamic "rassure niekup and used 
exclusively with the Hathaway MRC 15 C carrier amplifier to measure 


L4 
۳ . ۰ 
actual pressure. this amplifier hada guaranteed flat response from 





0-1500 cycles per second, With a dunmy g ge it formed tvo external 
legs of a bridge@—o which ras fed 4290 cycle voltae from a built- 
in oscillator. Five volt bridge voltage with E attenuation was used. 

The other unit was usea as a pressure change sensing element 
-nl formed one leg of an external bridge vith two legs 120 ohms 
aná two 500 oams. The other 120 okm leg was actually a votentio- 
meter used to balance tha bridge. A ?2% volt battery supplied the 
tridge thru an off-on switch, This element gave output only for a 
change of pressure when a generated a.c. signal fed into ۲۲ و‎ 2 
a.C. amplifier, It was thus used as n time marker at the station 
op, osite the dyn mic vicki. “his vide band amplifier was designed 
for use with "train gages and had a guaranteed Mat res: onse 3-500 
cycles per second. s 

The MRC15C and MRCISAC amplifiers were comtined into an M30C16 
control unit containing amplifiers, power supply, oscillator, and 
bridge balencing controls. It was manifactured by the Hathaway 
Instrument Co., Denver, Colo. The two-channel output of the control 
unit fed to the five-charnel Huthawa; recording oscillorraph S-14A. 

The time pulse from the a.c, amplifier fed to the nscillogrank 
channel one with a type OA-? one ohr galvonometer of natural fre- 
quency 5500 cycles and maxirmm current 500 milllams. 

The dynamic pressure signal fed to channel three with an OA-2 
seven ohm galvonometer of natural frequency 3500 cycles and 100 
millianps m ximum current, 

Recordings Irom the oscillograph were made on Xodak 809 Lin- 


cgraph paper driven at 40 inches per second, 





The dynamic pressure sag? was calibrated using the corrected 
pressure of the tank gage as reference. Calibration is shown in 
Fig. 11. A recalibration after being used for record runs showed 


no change frcm the oriziral, 


iig- 8 is a photo of the component parts of the tube and 
shock rroducins mechanism with the pressure picsaps and leads, 
EOS e Cure. 

Mine runs were mada with the dyn-mic gage at the upstream 
station and six recnrling from the downstream station. Zach 3eries 
of runs covered the oressure range from about 35 to 85 psig shock 
tank pressure. 

With all the equipment in position and compressors on, the 
procedural technique for each run involved the adjustment of tines 
separate systems. 

First, the electronic system was put in ready :onditinn by 
4üjustin; briize voltage and attenzation, and bal.ncin, ivput and 
oatrut circuits of the MIC150 unit. Chen the 22% volt M 15AC sunpiy 
was turned on, sensitivity set, an@ rilm shitter of the oacillograph 
opened. These steps re, resente! the minimum preparation for each 
run. Por to each series of rins, th= pressure ricwups, amplifiers, 
and oscillo;raph had to te completely checked for operability. 

Second, the shock tank was filled to about 10 psig above the 
desired pressure. 

Third, ihe flow of air thru the tube was set to the predeter- 


mined value by adjusting plenum chamber »ressure with the entering 





eir flow valve simultaneously with pressure at the two inch tube 
station by use of the variable exit area control, 

“hen flow thru the tude had steadied, the shock tank pressure 
was Set, and the run triggered by turning on the master oscillo- 
graph switch and tapping the puncture rod to rupture the diaphragm. 
Altho each run required extensive and careful preliminary steps, 
actual full oreration lasted only about 1} seron?s during which 


time five feet of filu was exposed, 


KA 
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RESULTS AND DISCUSSION 


On the Design of Zquipment. 





As much a part of the results as the oscillograms was the per- 
formance of the equipment, in particular the flow tu'e and the 
pressure vickups especially designed for this series of experiments, 

Fig.9 shows the tube calibration with and without the exit 
chamber receiver. The fact that the tube gave supersonic flow with 
a free exit indicated a critical nozzle section with probable separ- 
ation of flow at the throat, Three different nozzle entrance config- 
urations vere tried with no measurable difference. A reduction on 
plenum aghamber pressure moved the shock back to between tne 10 and 
18 inch stations. The next change with reduced plenum chamber 
pressure gave low subsonic flow thruout. 

The sirple remedy was to exhaust into an exit chamber by which 
exit area and back pressure could be controlled, This eliminated the 
supersonic tendency but showed that the tube was actually a diffuser 
with too much built-in area increase. 

The assumed friction factor of „007 was the determining factor 
in deciding the area change gradient over the len;th of the oe 
necessary to give a constant Mach number, The clue to a probable 
more correct value lies in Fig.9 showing flow of neariy constant 
Mach nuriter about 1.2, From Appendix I, | 

For? . 


"a = fon A 


From this, a value 
f- 2 fana 
AM“ 


, 003/1 





is indicated. For smooth circular tubes of constant area, f is 
usually .095 or a little less. In diffusers it supposedly is greater 
depending on the actual amount of fri tion and diverzence of tube 
walls, In this case since only enough area increase to give constant 
Mach number was desired with no diffuser action, a value of „004 to 
,005 would probably have given the desired flow, 

"ith allowance mde fora Sac bn factor of -.007, one possible 
solution was to introduce additional friction. The interior of the 
tube was coated with shellsc and fine sand blown in. the result of 
this treatment was to give a constant M of slightly greater than .8 
between two and ten inches with increasiny diffuser action toward 
the exit. Several different applications of the shellac-sand combi- 
nation rave generally the same results. The obvious conclusion was 
that with smıll cross-sectional area, roushing the walls produced 
the desired effect, but in the larger areas towar? the exit, the 
addeài turbulence "nd fricti;n near the walls did not affect the 
already turoulent flow, 

For record runs it w:s decided to keep the nearly straight 
line M variation. Accordingly the tube was cleaned out and used in 
its original smooth condition, 

The measurement of short time transient conditions always 
raises the question of whether the results are qualitatively and 
quantitavely correct. If it were possible to calibrate the measur- 
ing instrument under the dynamic nn then probably the 
calibraticn method could be arolied to the problem in the first place 


and i’.strumentation worries eliminated. Unfortunately no direct 





= 
e 


metnod of dynamic calitration exists. 

In the pressure-time measurements of these tests, the frequency 
chain seemed satisfactory. “or the calculated freauency of 16,469 
cycles per second of the dynamic pickup, was associa:ed a 4200 cycle 
hridse voltage, guaranteed amplifier flut response of 1500 cycles, 
and zalvonometer of 3500 cycles natural frequency. The similar 
pressure change S nsing element fed thru a guaranteed flat 5000 
eycl& u.c. amoliifier to a £500 cycle galvonometer, 

From tig.4, the duration of the transient condition is shown as 
about 1/1900 second with an internedi:t» peak at the upstream tube 
end, wile at the shock end, #ig.5. the pressure change Pj to P5 
Le 1 41 22550 aE OC Um. 1n about 1/1500 seconi. 

Oscillo;^aph Data, 

The o:cil.ograph records, as shom in Fig's. 4 and 5, are rep- 
resentative s-mles of the series taken at each end. Time was measur- 
ed from the start ofthe pressure change at each station which in 
all cases was a well defined break. Pressures were measured 5.5 
reference to the static pressure Pj of the normal tube flow at each 
measuring station ahead of the disturbance. 

From the oscillograms, three significant but int rrelated items 
of data were obtained for the different explosion chamber rressures 
with tube running under the same conditions of average Mach number 
„727. “he peak pressure of the disturbance, the pressure ratio 
across the disturbance, and the time for the disturbance front to 


traverse the two foot test Secti n are summ-rized for each explosion 


chamber pressure, Pe, in Tables II and III and given in granhical 


14. 


Soon s, H2, , and lė, 

InFi; JĄ, except for run 3 at Pe —- b?.^, all the neak 
pressures, P+, show consistent results with the slopes of tke cnrves 
decreasinc at the higher Pe. 4t the vostraam station there anpears 
to be an asymptotic limit to the peak nressure of about 36 psig. 

The At-P2/P, data for run 3 as shown ir Pig. 15 appenrs to be 
consistort, however, It is apparent that the effective P. was 38.2 
psig rather than 52 probably caused by a partial rather than corr 
plete plastic diephrasm rusture on this run, 

Tre „bsolute pressure ratio magnitudes, before and after shock, 
mith rin 3 corrected as before, show r-latively Smooth data plotted 
ezalnst Pa in Fig. 17. Be,iinning with a pressure ratio op 1.7 there 
is an increasing divergence betveen upstream and downstream resdings 
with increasin, Pe, This difference will be analyzed later. 

The At-Pg plot of Fig. 14 was the only lot where the d.ta of 
all runs could te put irto one curve, the smallest time increrent 
measurable was .990125 seconds altho .00025 seconds was a morr prot- 
uble limit for accuracy. In the region of hicher exnlosion pressuras, 
the points showing greater time of traverse, At, were taken with 
the dynamic gage at the upstream station anc the shorter times "ith 
the dynamic gage at the downstream station. The smooth curve was 
faired in giving all poirts equal *eiht. 

In Fis. 15 time of traverse is plotted against ۳ ratio 
across the disturbance. Here Some sc ttering of test data becomes 
arvarent, lo see the most probable relation between these two var- 


iables, the following procedure was used, For any one At, there 
& i v , 


was one corresponding explosion chamber pressure. Therefore Pe became 
a common parameter. From Fig. 13. for each run with its associated 
Pa, the pressure ratio was corrected to the faired curve., Similar- 
ly, in “ig. 14, the time of traverse vas corrected to the faired 
curve :.t the same D Table IV gives the data for each run so cor- 
rected, 

The time of traverse was changed into velocity u by dividing 
the cistance of two feet between measuring stations by the At, For 
comrarison with theory, it was desired to use a v-locity ratio 
RV Ee Ros here To i: the total temoerature of normal tnb> flow. 
Since Tj varies with Lach number thru tho tube an? T3! varies with 
explosion chamber pressure, lo is the only available constant temp- 
ersture parameter on which to base data from all runs. 

The data of Table IV, u/YgS RT, versus P>/P1, is plotted in Fig. 
16. For any one value of ኳ/፣ሃይ r Rt, the corresponding REJ values 


at each measurinz station are read as abcissae, 


Theory and Test. 


From Ap endix III, Zquation 31 for velocity ratio is developed, 


ሠ EM 





Factor (P) is the basic relation hich would hold if flow of 
ላ 
u were moving into a stationary shock region. The term (C) accounts 


for the shock disturbance movin:; into an oprosing flow Mj. 


The additional factor (A) corrects the velocity u for two 





le 


eyistant energy levels; one represented by Tp the tetal temperature 
of normal tube flow, the other by Ty! associated with the distur- 
bance movin; at velocity w with respect to tube flow as motivated 
by the exrlosion tank pressure, 

This expression would give an average velocity for an average 
BP: existinz over the test section. The oscillograph records were 
limited to giving an average velocity. A plot of Zo, 31 was m»de by 
using P values and the corresponding average ጅ3/፻ጊ between upstream 
and downstream stations fror. Fig 13. This enve a curve of shape 
simil«r to the upstream test curve of Fis, 16 which immeci-tely 
incicated that cressure ratio data from the downstream station near 
tre shock inlet was not truly representative of pressures on either 
suce of a normal shock front, 

Eo. 31 was replotted for various P>/P] using the corresponding 
shock tank pressure which save each pressure ratio at the »pstream 
station. From Fie, 16 it may be seen thst this theoretical treet- 
ment is in close agreement with test data. friction, hich is a 
function of physical flow, and the heat transfer involved in the 
shock ressure tank were not incorporated into the theoretical 
eouation, : 

In discussing the shock tube utilizing a plastic diaphragm 
ru' ture, Ref, (2) states that the tube gives a plane shock ware, 
the shock is not greatly attenuated in travelling up the tube, and 
turbulence effects are smill for some distance behind the shock 
If these statements be assumed to ao ly to te current shock invest- 


igation problem, the considerable attenuation of the shnck strenstn 


Po/Pj shown in Fip. 16 is »gain indicated to be unreasonable, 

In reexamining the data taken at tho downstream station, tynical 
of which is Fig. 5, the pressure labelled Po can now be seen ina 
dual role, Since, with but slight increase, it persisted until after 
the disturbance reached the uostream station, it was assumed that it 
was the Po associated with pressure change thru a normal shock front. 
However, in the lirht of the foregoing analysis, it is more vrobable 
that this Po is the peak pressure of the disturva.ce transmitted 
down the tube and corresnonding to the Pt as observed at the up- 
stream station. 

It is concluded that the P5/Pj do«snstream data »lotted in اج‎ 
17, 15, and 16 does not represent the pressure ratio associated with 
normal shock fronts which is the pres'ure ratio used to exr lain the 
velocity of "ave propagation here existant. Tho downstream measuring 
station was 3l inches from the shock inlet. This distance vas annar- 
ently too clcse for the pressure wave to develop into the shape as 
shown in tig. 4 for the upstream station. 

From the dat. available, the wave share of the cressure dis- 


turbance as it moves ur the tube is shown as 


= 
Fow u 








2 | PE 325 
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For given tube flo» conćitions, Fo/Pj has been shown to be the 
factor governing velocity of the disturbance. 

In Ref. (š) and others dealing with the straight shock tube, 
oscillovranph records show no such peax „5 is brought out in Fir. 4 
betreen P, and Po. Their wave front is simly pictured as a pressure 
Step from Pj to Po. This is reasonable since only one energy level 
exists. the element of the opposing kinetic energy is not present 
as it is in the current situation. 

The peak pressure 1. ight be viewed as resulting from the accel- 
eration of nir at rest in the explosion chamter at pressure Pa to 
the hypothetical velocity wj — u +v] in air at rest with temperature 
and pressure corresponding to total temperature and pressure of the 
actual tube flow. 

In terms of conventional air flow, from Ref. (A), such an 


acceleration would result in the pressures and Mach number expressed 
ty ۱ gl 
e s Š ES 
(2 6 ጋ 
> 2 Pa 
Adapting this to the soecial case at hand 


zz ፖ-/ t € 


where N is introduced and defined as 
2 ረ ፥ 
/V z gren 
In Arrendix III, 2q. 34, the velocity pressure ratio relation 





is developed as: 
له‎ . Qu) S urn z 
Sök To wom p. ) 





or ue 2») 


Aš ‹ 
2% gu 


With T)/?9 that of the normal tube flow. 


M ss. 


agen RNG 451 EC > 
ae I 


and 7 


e] TCU. x pui zu 


If Pg! is considered to be (Pot Pe) in terms of absolute 
pressure, the theoretical curve as shown in #ig. 12 results. The 
order of magnitude and shape agree with test except at the higher 
explosion chamber pressures. The concept of such a total pressure 
right be imagined by considering two opposing air flows stagnating 
on an object anchore? in the stream. 


The increase in Pt in going from the downstream to t^e up- 


stream station is ohysically understandable due to the fact that 
it is associated with a supersonic flow of velocity w] relative to 
the tube flow. In going into a smaller area, it in effe>t is being 
supersonically diffused with a corresponding pressure increase. 

It is to be concluded that this method of introducing a shock 
wave into moving air is practical and effective. However. due to 
the flattening P2/P1 upstream characteristic Show in Fig, 13, little 
pressure ratio would be gained by increasing the explosion chamber 


Pressure past values used in this experimentation. 





As a result of the tests conducted with medium pressure dis- 
turbances moving into high subsonic air flow, it is concluded that 
strain gages provide a versatile pressure pickup element with ease 
of use dictated by the amplifier-recording equipment despite the 
preference of many investigators for quartz crystal pickups. 

Introduction of pressure disturbances at right angles to the 
air flow by rupture of a diaphragm is a satisfactory method for 
explosion chamber pressures of between 35 and 85 psig. Additional 
pressure would give but little increase to the pressure ratio across 
the disturbance wave or to its velocity 

By theory and comparison with results from the shock tube, the 
pressure ratio dnta taken at the shock end of the flow tube is inval- 
id«ted due to the proximity of the pressure pickup to the shock inlet 
and not due to any limitation of the strain gage picku». A pressure 
measurement station must be sufficiently removed from the shock 
inlet to ıllow formation of the pressure wave it is desired to 
observe. 

The validity of superimposing an initial flow on the velocity 
of a wave from a shock tube is substantiated within the limits of 
the measurin,; techniques used, The absolute velocity of such a wave 
propagating into moving air is a function of the pressure ratio 
across the distur ance, tube flow velocity, and the two energy levels 
represented by the total temperature of the tube flow and the total 
tempernture of the explosion chamber. 


4ltho non-existant in shock tube experiments, the nropazation 
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of a shock disturbance into moving air produced a peak of pressure 
within the disturbance of considerably greater magnitude than the 
pressure Po immediately behind the shock. A qualitative method of 
calculating this peak is indicated possible by considering such a 
pressure to be the static pressure associated with accelerating a 
flow from rest at a total pressure Po! to a velocity w with respect 
to the normal tube flow. Furthernore, it is indicated that this peak 
pressure is diffused by moving upstream into a reduced area region 
at a supersonic velocity relative to the tute flow. 

A new parameter which is of considerable use is introdiced and 


defined as N = x. , the ratio of shock velocity rel tive to the 
Ve ፓ ፳፻6 | 


flow into which it is going to the energy of the gas expressed in 
terms of the absolute total temperature of the flow. 

It is recommended that this study be continued specifically 
with the E of propagating pressure disturbances into flow of 
constant Mach number to observe any attenuation tendencies and to 
more closely ا‎ the velocity of wave propagation. In such an 
effort, more than two stations along the flow nath should be instru- 
mented, and a more time-resnonsive unit such as a multichannel 
oscilloscope with camera recording used to observe results. 

A further interesting variation would be to propagate the 
waves into slightly supersonic flow. 

It is also suggested that a more comprehensive mathematical 
analysis be tried, starting with the physical situation as it exists 


rather than relying on su»erposition. 





(A). 


CR). 


16), 


(D), 
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APPENDIX I 
FLOW TUBA DESIGN CONSIDERATIONS 
From Ref. (A), for a diffuser or e with friction, the 
expression for velocity gradient is developed and siven as 


fam" l dâ 
Uu BE => A =< 
— ef NE 


Since 
u E: Ad 


/ 7 AŻ + vb 


a tube under steady flow conditions at constant Mach number wil 








have a constant velocity. Then EE o and 
x 

tam, Jf dA 

Zm A ds“ 





or 
2 ۰ هت اص‎ 


2 A dk 





For a tube of rectangular cross section with equal wall 


angles (A); 





m 2 = fan a = Constant 
a 
0% = tana 
2 
Design for conditions; 
M = 0.8 WTe . 7788 
AP 


f = ,007 (assumed) 
Wmax = 0.49 lbs/sec from two Shram compressors. 
m X RRS) 

Tube length = 32 inches. 


Exit conditions: 


Poxit = 14,7 psia. 





Al-2 


WY = ር. 45) | E = 7.006 za 
0188 E, ‚7788 (19.1) / 








Max. Aexit = 


Tan X = (007-398) (0-8) _ 


00312 
2 


Specify: ይም 


ከ ን. ሪታ s 


The decrease per side of the rectangular croes s=ction on 
going from exit to throat is 2L tan = .20 in. Dimensions of the 


cross section at the thront are then N.7x0.9 in. = 0.63 in“, 
.7788(.44(44.7) 
ሚሚ 2,992 22 

Vsss sec. 


Construction of the tube is facilitated? by using a sinzle 





taper instead of the double taper. If the throat and exit areas as 
com uted are maintained 
ihroat O70 9 in = 0,65 in- 
Exit Lakso ia c a 
by using a single taper, the maximum deviation in area from the 
double taper is 1.3 occuring at the center of the tube, One pair 
of tube walls then has a constant inside dimension of 0.9 in. The 
either palr tapers fram 0.7 in. at the throat to 1.1 in. at tke exit. 
Static pressure taps located at 2. 10, 18, and 26 inches from 
the throat have corresponding cross sectional areas? 
At 2 in, 0.920.725 in = 0.6525 in”, 
MQ i 0, °9x9,625 in, = 0,7425 392. 
18 in. 0,.9x^,925 38, 2 0, 8325 182, 


26 in, 0.9x1.025 in. = 9.9225 in’. 





APPENDIX II 


FLUSH-MOUNTZD PRiSSUR4 PICKUP DESIGN AND ANALYSIS 


Design limitations: 


Circular diaphragm of radius 9/32 inch. 


AII-1 


Maximum diaphragm strain of 600 mi-roinches/inch at the center 


as dictated by material and strain gage amplification equipment. 


Strain gage mounted at the center, 


Maximum pressure of 100 psig but good response desired for 


pressures as low as five psig. 


From Ref.(®), consider the diaphragm as a plate with clamped 


edges. 





h = diaphragm thickness 
Om > Deflection at center 
M = bending moment at ed:e 
Q = stress 
/** Poisson's ratio 

€ » strain 

£ - modulus of elasticity 


For a disc with clamped edge: 


ዶ>9 E S e 
a> ge 


5. .به‎ = 2 (UA) gat 





AII- 


AS an approximation, consider the center of the diaphragm to 


be essentially flat and stressed by simple tensile stress. Then 


T — z የ 
የን በጠ. E 
= © (144) gat GW) 
pp. ) 1 
0-mu) 


a. ۰ 
6 (nm. 

2 o - 
8 £ faj ET. 


X=o 





Material: 3rass. 
E = 14x106 psi, 
„u = 952 
ا‎ © L in 


ከይ „020 in, 


Es (65 
qs zm G6.2 g Tr: 


E = 4.814 ze 


(70. 


To see the effects of a low pressure of five psi and a high 
pressure of 100 psi: 





These strain limits could be covered with one gage voltage and 
attenuator setting for use with A-8 type strain gages and the Hath- 
away strain gage amplifier and oscillograph. Stress values are 


indicated within elastic limits for brass. 





AII-4 


Frequency analysis: 


From Ref.(C)§ the natural frequency of a circular disc rigidly 





elamped at the edge is given, 
7 l 
cia VB on ጋ 
= 10,21 for lowest mode of vibration. 
= „079 in2, Radius squarej, 


= 9, Correction for differences in flıid density. 


SS aA A E m3p2(1-4). 


A 
T 
a 
> ft/sec?2. Gravitational constant. 
D 
Y = 534 1b/ft3. Wt. per unit volume of diaphragn material, 
A 


= ,020 in. Thickness. 


e 
- 
u 


¿00476 in, z qa*/64D, Deflection at cente r for £0 vsig load. 
With tbese values, the natural frequency is calculated to he 


16,460 cycies ver second. 
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APPENDIX III 


DERIVATION OP THz Piz33URS WAVE VELOCITY SQUATION 











E = 7 
U— E “< — U 
E ^ 


For the assumed condition of flow of constant "sch number thru 
"ው prior to Me introduction of the pressure wave, vy, Tą, To, 
and P) are also constant, 

The či-turbance in going upstream with absolute velocity u 
moves with velocity w relative to the tube flow velocity. For a 


ድ 


etationary disturbance, w would represent the tite ° ow velocity 
ahead of the disturbance.For a disturbance moving iuto an stationary 
gas, w would be the velocity of the disturbance. 

In writing the idealized equations, the distarbance is assumed 
to have no thickness so that flow passes thru the disturbance at 
constant flow area. Also, it may be rationilized thnt the increase 
in tube aren from the throat, deterrined in Aprendi" I as necessary 
to hold constant Mach number, is needed only because of friction. 


With the elimination of friction from the equations, area change 


is also elizinatecn. 


Continuity: p.w, = ል ሪታ. (2) 
Momentum: e raus“ E th 2 ce) 
Energy di+tdQ: 4 — Ww dur (3) 
from which 
ከ. Sa LOWA ም i 
2 c I 
C = ሯ A 
P 8-67 
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Í S 
Fa 
(4) 














(omm 
g- [7 
Divide *q.(2) by (1) 
Fi 
rem + w, = Dus 
(w, ዉጪ AE (5) 
from which 
he f 
w, - = 
' t سم سم‎ i 
Multiply thru by (w ru): 
w~- = (u; ru; يد اده‎ | (7) 
Combine this with the energy Eq. (4): 
U AR Z-Z] (8) 
E Pr ሆፖ-/ Fa e 
From Eq. (1): 
W, = en 
eu 
Eq. (8) NS # 
ee er je Za] = (9) 
2. Cw, Pa f 
ee = E ^ 5 22 
i E A ol ES 2/ 4 
0 مج و‎ ፈ/# -ደቱ =, h 01) 
(2) 


Er _ us ee P nn ተሪ) 
e w, L 02. 
This is the s E Equation relating velocities 


ide of a normal shock front. 


and pressures on either 


From Aq. (3) : 
= O (13) 


m f dr 20.2 = 


u, * 
G (7-7) 


ول 








21272 (a) 
iU NM E 244€ X ZZ E 222 
#፦/ሥ j d 
NZ: 
= ae 
7 
os F c m = ሺ 
6. 42 ሠ 
ALSO p ` 
E Ez > quer a ሪሬ 
Va A > — S ር ) 
From Eą.(15) and (16): 
R KE le m 
DT ሠ 
k | 22 - g u | (78) 
la : 


Substituting these expressions in 20, (2) ፣ 
2 > 2 ፌዴ T ጊ 
AJE Sen JERR IET] “ሠ 


Then from continuity, Xa. (1) : 


uw = wD 


2 = pu 
= o Chats + A 
TT a ዕ5 
a SAK a Fw. 


Š ۲۱ | 
or! gave, [ w, - له‎ ] = ¬ u FU, w,” (z) 
l = 
e, TORTA A un an‘ 
u E 
2. 
Se TO O ۰ بت‎ nn 


™his ig the Prandtl Relation correliting flow velocity ahead 


of and behin? a normal shock. 


Development to here was adapted from Ref's. (A) and (D). 
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For the case under consi? 'eration, the disturbance is moving 


at absolute velocity u into a flov of velocity v, Ty' now refers to 


the total temperature associated with velocity v. 





OY < a Mal 
20, (24) 
Fron Iq. (233) and (1275 
IEEE = | 
Ws U frl gERT, (25) 
مر‎ Ee ۰ 
u) 2 ur 1 A 
Po, ۷ (26) 
< 4. 
Substituting (25) in (26): 
A nr eel Z ١ 
sa Y EE 
DE m ga E 5 M (22 
+í R BAY 
LE ql 
or > 
RS 
` = ADA JE 
(O = 7 2 FH 
AREN War 
2 g- 
3 
It is desired tn get an expression for the velocity ۳3 1 0:۷7 
since T 


Ty remains constant while To! varies “ith the explosion 


chumber pressure, With the air in the explosion chamter coming from 


the Same source as air in the flow tibe, their temperatures anl 


pressures are linked ideally thru the adiabatic relation 


ie ر‎ 

— (=) 2 (29) 

4 Fo 

Then 
> 1 E ፓ-/ PZA 3 
(Ut) = ARE 2 £ መሪ (30) 
ሀ Y! 2 

E o 7 
2 ża 


Ç dg 
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۳ ar) A 
U E = L >< | 
Wen ۵ "| ዳዲ, ያሠ/ ይር — 
22 s 


° en 


converting Ty! to Ty by 





TE 
— = /f gu : 
(sz) 


Eq. (27) becomes 


fr! = 
ut: gant [r+ 2 
e E A د‎ 


DE £ | .م ر‎ OKB a 
gen TV < 
۳ 
ቻ-/ FE 
AE 

E e (1192 + (5-0 

ł, — 

(34) 
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TABLE I 


FLOW TUBS CALISRATION DATA 
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without exit with exit 
Receiver Chamber |Receiver Chamber 
| Chamber psi eH 22 
Barom. psia 14,7 14,58 
Total Press. B, SE 7 C ONIS 
De 563 559 
AP ask "He 11.0 
AP psi Del 
Pinlet psia 2 31602 
„Pi/Po 1.148 1.148 | 
102218 „450 o O 
wir 
AP É e 421 =. 
| w lbs/sec „508 B | 
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TEST DATA 
( Corrected to 14.7 psia atmosphere; Toflow 552 R.) 


Run | Pecorr| Pe Pt Po ES 2 u 
Em Ea ed ie i] R lea 
DYNAMIC GAGS AT UPSTRSAM (2") STATION 
1.702 | 
30.9 21.4 | 36.1 656 |. 
62.7 | 33.4 "RO 56.1 648 | „55 
CTS AA 26.1 658 | .572 
AE US 692 | „601 
: 85.2 | 35.4 | 50.1] 22.1] 36,8 | 1.872 658 


DYNAMIC GAGS AT DOWNSTREAM (26") STATION 
33.4 22.2 37.6 232 37.6 1592 477 „413 


27.6 27.6 1.790. 627 | , 543 






3 
13 











10 
4 















pipe s ES sois 743 | ,644 
ከ]! AC 747 | .648 


85.2 a 47.6 32.9} 47.6 eO dT 697 





At upstream station: F = 5.51 psig = 20.21 psia, 


At downstream station: P, = 8.95 psig = 23,65 psia, 


PRES SUR i 


RADIO, SEMI 
RUN KAIBES TEST CUI 
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1.696 . 00370 
1.737 | , 00358 
1.692 „00378 
1.784 , 20305 
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1,802 | .00287 
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m 6 
GENERAL VIEW OF TzST SETUP 
At the left is the lathe bed which sunports the plenum chamber 
to which is bolted the flow tube. On the table to the left is the 
Hathaway S-14A oscillograph with the MRC 16 control unit to the 
right.Small metal box between houses the external bridze circuit 


with lead to the pressure sensing element. 











= 














FIG. 
DISASSEMBLED VIEW OF Tz37T APPARATUS 

The electrical circuit to the left is that of the dynamic pick- 
un element with dummy gage mounted on the cable end near tube, Zlec- 
trical system to right is for the pressure change sensing element. The 
cable connections at lowere left plug directly into the Hathaway 
MRC 16 control unit. 

Plastic diaphragms are inserted between the flanges of the divided 


pine between explosion chamber and flow tube. 
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